Feruloyl esterases (EC 3.1.1.73), belonging to carbohydrate esterase family 1 (CE1), hydrolyze ester bonds between ferulic acid (FA) and arabinose moieties in arabinoxylans.
In contrast, dicots predominantly have single α-L-1,2-Araf substitutions (4), though double substitutions have been observed in flax mucilage (5) and single α-L-1,3-Araf substitutions have been found in psyllium seeds (6) . The Araf moieties can be further substituted in grasses and also in other plants with e.g. 5-O-ferulic acid (FA) and other hydroxycinnamic acids (4) .
Complete degradation of AX requires a battery of enzymes, including feruloyl esterases (7) .
Feruloyl esterases catalyze the hydrolysis of ester bonds between FA and arabinose (8) .
They are found in both bacteria and fungi and are grouped in carbohydrate esterase family 1 (CE1) in the Carbohydrate-Active EnZyme database (CAZy) (www.cazy.org) (9) . All CE1 feruloyl esterases with known structure share the α/β-hydrolase fold of a central β-sheet flanked by α-helices (8) . The catalytic triad is located in a hydrophobic binding pocket that is often capped by a flexible lid (10) (11) (12) (13) (14) (15) (16) (17) .
Generally, CBMs are small domains consisting of ~100−150 residues and are often composed of a β-sandwich fold (18) . Recently, CE1
feruloyl esterases with appended CBMs annotated as members of carbohydrate binding module family 48 (CBM48) were identified in two metagenomics studies of beaver and moose droppings and wastewater treatment surplus sludge, which are not considered particularly rich in starch (19, 20) . CBM48, however, is usually associated with starch binding (21) , but starch polysaccharides are not known to contain hydroxycinnamic acids.
We therefore hypothesized that these newly discovered CBM48s represent a novel type of CBM48 that might enable the feruloyl esterase to act on polymeric non-starch substrates and thus positively affect the function and kinetics of the feruloyl esterase. Another albeit less likely idea is that the CE1 feruloyl esterases identified would have other hitherto unknown non-FA-ester linkage targets. We selected feruloylated AX as a primary substrate type to investigate the hypothesis that the two newly discovered CE1 feruloyl esterases and their CBM48-appendages would in fact act on AXs.
We also determined the crystal structures of these two CE1 feruloyl esterases and their appended CBM48 domains in order to examine the structure-function relations of such action. The objective of the present study was therefore to resolve the structure-function relations of two CE1s and their cognate
CBM48s identified in a metagenomic study of anaerobic digesters fed with surplus sludge from wastewater treatment (19 
RESULTS

Sequence analysis and expression
Both wtsFae1A and wtsFae1B were identified in a metagenomic study of an anaerobic digester fed with surplus wastewater treatment sludge (wts is thus an abbreviation of wastewater treatment sludge) (19) 
Overall structures of wtsFae1A and wtsFae1B
The crystal structures of wtsFae1A and wtsFae1B were determined to 1.63 and 1.91 Å resolution, respectively, and the data processing statistics are summarized in Table   2 . The space group for both crystals was P212121 with two molecules in the asymmetric units forming non-covalent homodimers ( Fig.   2A -B). The interfacial surface area of wtsFae1A and wtsFae1B was 1675 and 1667 Å 2 , respectively ( Fig. 2A-B ). According to PISA analyses (24) these observed interactions are strong enough to be of biological relevance; ΔG was estimated to be −19.9 and consisting of ten β-strands ( Fig. 2A-B ). The two CE1 catalytic domains display the α/β hydrolase fold typical of CE1 domains (25) consisting of eight β-strands forming a central β-sheet flanked by six α-helices ( Fig. 2A-B ).
The CE1 and CBM48 domains appear to interact extensively with one another, with an estimated interfacial surface area of 336.4 Å 2 for wtsFae1A, while for wtsFae1B it is significantly lower (257.5 Å 2 ). Nevertheless, for both wtsFae1A and wtsFae1B the data indicate that multiple hydrogen bonds contribute to fixing the position of CBM48
relative to the CE1 domain ( Fig. 3A-B ; Table   3 ). Interestingly, three residues (wtsFae1A:
Asp106, Lys109 and Val111; wtsFae1B:
Asp119, Lys124 and Val127;) that participate in hydrogen bonds in the linker connecting the CE1 and CBM48 domains are structurally conserved ( Fig. 3A ). However, these residues are not conserved among wtsFae1A and wtsFae1B homologs ( Fig. 3B ). Additionally, integral units ( Fig. 3A-B ; Table 3 ). None of these residues are conserved among the CE1-CBM48 homologs ( Fig. 3B ). Differential scanning calorimetry (DSC) of wtsFae1B showed a single unfolding event with Tm at ~61°C ( Fig. S5 ), which was also found previously for wtsFae1A (22) , which corroborates the view that the CE1 and CBM48 domains form an integrated unit. 
The role of CBM48 in relation to substrate distortion to assist catalysis
To determine the role of the CBM48 we
(XA 5f2 X) ( wtsFae1A is negatively charged, whereas that of wtsFae1B is neutral ( Fig. 8A-B ).
Interestingly, in wtsFae1B no aromatic residues are present, which is similar to Trp 157 in wtsFae1A which can form a stacking interaction, but Phe 340 in wtsFae1B may be able to form a stacking interaction with FA ( Fig. 8C ). We suggest that the role of both these aromatic residues may be to distort and (28, 29) . None of these residues are structurally conserved in wtsFae1A ( Fig. S8 ).
It is particularly interesting that W278 and W314, which form a conserved aromatic platform at the binding site on CBM48s appended to starch acting enzymes (21) , is missing in wtsFae1A and wtsFae1B ( Fig. S9 for multiple alignment belong to the CBM48 family ( Fig. 10) .
Interestingly, the CBM48s appended to wtsFae1A and wtsFae1B and the homologs cluster with three CBM48s appended to starch acting enzymes that also lack the aromatic platform at the binding site ( Fig. 10; Fig. S9 ). 4A-D; Fig. 6 ). These differences have been suggested to impact on the enzymes ability to accommodate mono-, di-, tri-and tetra-FAs (10, 34, 35) that exist in planta (36) . The FA binding pocket of wtsFae1A resembles that of XynZ from H. thermocellum (Fig. 4D) , which is exposed and thus can accommodate both mono-and di-FAs (10) . Surprisingly, no di-FA was released from WAX-I by either wtsFae1A
at DEF Consortium -Danmarks Tekniske Informationscenter on October 1, 2019 http://www.jbc.org/ Downloaded from or wtsFae1B. However, wtsFae1B also has a significantly longer loop, presumably forming a lid on top of the active site ( Fig. 6 ), which may impact the substrate specificity.
He catalytic domains of wtsFae1A and wtsFae1B and CBM48 form a rigid integral unit, and main chain the of the substrates binds at a cleft formed at the interface of the two domains ( Fig. 2A-B; Fig. 7B ). Our DSC, crystallographic and molecular dynamics data suggest that the wtsFae1A and wtsFae1B domains form a rigid structure ( Fig. 5 ) which is kept in place by conserved hydrogen bonds ( Fig. 3A-C) . Our docking data suggest that the CE1 and CBM48 domains act in consort, with the CBM48 responsible for binding the Xylp moieties, whereas the CE1 integrates the Araf-FA in the catalytic site for hydrolysis ( Fig. 7B ). This is supported by the complete loss of activity for wtsFae1AΔCBM48 and wtsFae1BΔCBM48 towards WAX-I (Table 1) .
This result was a bit surprising because, two CE1 feruloyl esterases from Bacteroides intestinalis and which lack a CBM have been reported to release FA from WAX-I (12).
However, the lack of interactions between the CE1 domain and the XA 5f2 X main chain in the docking experiment suggests that the CE1 domain recognizes only the FA and potentially also the Araf moiety. This is in line with what has been observed in other feruloyl esterase crystal structures where FA only is observed despite being linked to an AXOS (11, 37) . One can speculate that the helical structure of xylan (38) Overall, wtsFae1A and wtsFae1B are structurally very similar ( Fig. 2A-B unambiguously support the classification of these CBMs as CBM48s (Fig. 10 ). Our binding data thus suggest that family CBM48 not only contains starch binding CBMs but also xylanbinding ones. The phylogenetic tree also shows that the xylan-binding CBM48s cluster with the CBM48s appended to starch-acting enzymes that lack the starch binding site ( Fig.   10 ). Unfortunately, no binding data for these starch-acting enzymes have been published. wtsFae1B CBMs is further strengthened by the structural similarity to the CBM48 appended to AtSEX4 (Fig. 9A-D) .
The present study provides the first structural characterization of CE1 enzymes appended to a CBM and adds to our understanding of the BK010417.1) for which the above mentioned characteristics were previously described (22) .
Domains were mapped with dbCan (23).
The codon optimized mature genes (Table S1) for Escherichia coli encoding wtsFae1A and Holck et al. (22) . One U was defined as the amount of enzyme releasing 1 µmol min -1 FA.
Hydrolysis of wheat arabinoxylan
Specific activity for the enzymes and truncations were determined in duplicate by (24) .
Molecular dynamics
The XynZ from H. thermocellum (11) in complex with FA (PDB ID 5JT2) to identify the most probable positioning of the ligand, which was subsequently subjected to energy minimization using Yasara Structure (18.4.24) . . Hydrogen bonds keeping the CE1 and CBM48 domains in the correct orientation. A) structurally conserved residues involved in hydrogen bonds forming the rigid wtsFae1A (cyan) and wtsFae1B (green) structures (hydrogen bonds are shown as yellow dashed lines with their length given in Å and the residues involved are shown as sticks), and B) multiple alignment of CE1-CBM48 homologs (see Fig. S7 for complete alignment). The asterixes indicate the residues involved in hydrogen bonds keeping the CE1 and CBM48 domains in the correct relative orientation (wtsFae1B above and wtsFae1A below the multiple alignment). The protein sequences are identified by their GenBank accession number. The multiple alignment is visualized using ESPript 3.0 (57). Fig. S9 . The phylogenetic tree is visualized using iTOL (58) .
Multiple alignments and phylogenetic analysis
